In most animals, respiratory activity inversely correlates with environmental oxygen 16 levels 1,2 . However, less is known about how the underlying neural circuitry encodes 17 oxygen information and modifies behaviours. Here, we characterize the oxygen sensing 18 circuit and reveal sensory coding principles in a Danio rerio larva, an optically 19 accessible vertebrate that increases respiration and startle-related responses under 20 hypoxia 3 . We observe that cranial sensory neurons receive input from multiple oxygen-21 sensing neuroendocrine cells, and then relay this information to hindbrain targets. 22
sensors and also project centrally into the hindbrain (Fig. 1a,b ). The NECs share similarities 48
with Type I glomus cells of the mammalian carotid body: both cells are neural crest 49 derived 4,11 and depolarize their membranes using voltage-gated potassium channels upon 50 hypoxia exposure 12, 13 . Here, we show that vagal sensory neurons integrate oxygen-evoked 51 NEC signals by increasing their activity and input dimensionality, enhancing the animal's 52 respiratory rate upon hypoxia stimuli. 53
We first probed the anatomical connections between the oxygen-sensing NECs and 54 the vagal sensory neurons by sparsely labelling individual neurons in a PB4;UAS:Kaede 55 transgenic line 14 . Afferents from the labelled neurons extend into the gill arch and form 56 enlarged processes wrapping multiple NECs ( Fig. 1c-d) , providing anatomical evidence for 57 the 'many sensors-to-one neuron' connections in the oxygen sensing neural circuit 58
(Supplementary Video S1). To address how oxygen is encoded, we used a light sheet 59 microscope ( Fig. 1e ) to monitor the neural activity of these enlarged dendritic processes from 60 individual vagal sensory neurons in a larva expressing a calcium indicator GCaMP6s in most 61 of its neurons 15 . These enlarged dendritic processes exhibited a significantly higher frequency 62 of calcium events under hypoxia compared to normoxia ( Fig. 1f-g ; Supplementary Video S2-63 4), indicating that these neurons received more NEC inputs under hypoxia. Vagal sensory 64 neurons are organized into four ganglia (1 st -4 th ), which are bilaterally symmetric and send 65 projections to the gill arches in an antero-posterior topographic manner (Fig. 1a,b ). We also 66 used cell ablations to analyse the axonal projections from neurons within these cranial 67 sensory ganglia in the PB4;UAS:Kaede transgenics. Ablating a single neuron in the 1 st vagal ganglion eliminated the most anterior projection ( Supplementary Fig. 1a -c, Supplementary  69 Video S5, S6), while ablating one in the 2 nd vagal ganglion removed the middle projection, 70 sparing the most posterior neuron with its posterior projection ( Supplementary Fig. 1d-f ; 71
Supplementary Video S7). Furthermore, ablating several neurons in the 2 nd ganglion 72 eliminated a bundle of axons projecting anteriorly ( Supplementary Fig. 1g -i; Supplementary  73 Video S8, S9). These data suggest that the anterior-posterior organization of axonal 74 projections from the cranial ganglia into the hindbrain follows that of their neuronal soma 75 and implies that neurons in individual vagal ganglia project to specific targets in the 76
hindbrain. 77
Next, we tested whether these neurons integrate dendritic signals and alter their 78 activity upon hypoxia. We analysed calcium responses in the neurons of both the 2 nd and 3 rd 79 vagal sensory ganglia in larvae expressing a neuronal nuclei-localized GCaMP6f 16 (it is 80 technically difficult to record from the 1 st and 4 th ganglia). We observed recurring calcium 81 events lasting a few seconds in neurons of both ganglia ( Fig. 1h, 1i , and Supplementary 82 Video S10, S11), a pattern that is reminiscent of burst activity reported from various 83 respiratory neurons 17,18 . Moreover, the frequency of these events in neurons of both ganglia 84 ( Fig. 1e, 1f , Supplementary Fig. 2a, 2b ), but not amplitude ( Supplementary Fig. 2c -f), was 85 increased under hypoxia exposure. The increase of neuronal calcium events in the 2 nd , but 86 not 3 rd vagal sensory ganglion was oxygen dependent (p = 0.01; R 2 = 0.04, linear regression; 87 Supplementary Fig. 2g, 2h ), but the variance of these events is likely too high for individual 88 neurons to reliably encode oxygen levels. We then hypothesized that a population of the 89 vagal sensory neurons transform ambient oxygen into neural information. To test our 90 hypothesis, we randomly subsampled our data and built a linear model to predict the minimal 91 number of neurons, similar to those found in the 2 nd vagal ganglion, that are needed to encode 92 oxygen. Our analysis predicted that at least 30 neurons would be required to model oxygen 93 concentration (p<0.05) ( Fig. 1j ). We also found that the 2 nd vagal sensory ganglion comprises 94 of 36 neurons, implying that larvae likely use most of their vagal neurons to encode ambient 95 oxygen. Similar population-based coding schemes have been proposed for multiple neuronal 96 circuits including mechanosensory 19 , olfactory 20 and others. 97
To gain further insight into the vagal sensory neurons could also represent ambient 98 oxygen levels using the number of NEC-derived input signals ("input signal dimensionality). 99
We found that the vagal sensory neurons receive more dendritic inputs under hypoxia when 100 compared to those under normoxia ( Fig. 2a ). Traditional methods that measure signal 101 complexity include Fourier, wavelet transforms or independent component analysis are well-suited for human engineered systems wherein signals are comprised of linear and 103 independent components, but not ideal for complex heterogenous biological data. Instead, 104
Simplex Projection 21 measures non-linear complexity by leveraging Takens theorem 22 , which 105
showed that essential features of dynamics of an entire system could be revealed by analysing 106 a single variable using lags of the observed time series ( Supplementary Fig. 3 ). These lags are 107 used to reconstruct the intrinsic structure of the data through an embedding to generate a 108 manifold that has the same topology ("diffeomorphism") as the original (unknown) 109 embedding with the original (unobserved) variables. We interrogated the signal complexity 110 of the time series by embedding additional dimensions through the incorporation of lags in 111 the observed time series of the neuronal calcium data (Fig. 2b) . To test the quality of 112 embedding, we predicted by two fold cross-validation an out of sample, namely a portion of 113 the time series that was withheld from the construction of the predictive manifold ( Fig. 2c) . 114
Next, we estimated the optimal embedding by identifying the dimensionality that best 115 predicts the out of sample data ( Fig. 2d ). Indeed, vagal sensory neurons increased their 116 embedding dimensions under lower oxygen conditions suggesting that they received more 117 distinct inputs under hypoxia ( Fig. 2e ,f). The increase of the embedding dimension in the 2 nd 118 vagal sensory ganglion is oxygen dependent (p = 0.01; R 2 = 0.10, linear regression) with 119 greater increases of embedding dimensions under lower oxygen conditions (Supplementary 120 Fig. 4a, 4b) . Moreover, using a linear model incorporating this embedding dimensionality, we 121 predict that 13 instead of 30 neurons are sufficient to encode oxygen levels with a 95% 122 confidence (p<0.05) ( Fig. 2g ), suggesting that this might be a more sensitive detection 123 measure than a conventional population code for the many-to-one sensory circuit. 124
To test whether vagal sensory neurons also modulate hypoxia-induced behaviours, we 125 used a microfluidic device made of several layers of laser-cut acrylic that allowed us to 126 monitor larval responses to hypoxia and other stressful stimuli ( Fig. 3a,b ; see Methods for 127 additional information). We observed that larva increase their rate of pectoral fin beats, a 128 respiratory-related behaviour 23 in response to hypoxia but not to a control osmotic shock ( Fig.  129 3c-e, Supplementary Video S12, S13). The rate of the pectoral fin beat is negatively 130 correlated with ambient oxygen ( Fig. 3g ; p<0.001, R = -0.74, Spearman r). In contrast, both 131 hypoxia and osmotic shock enhance startle-related responses ( Fig. 3f ). Therefore, these data 132 suggest that the increase in pectoral fin beats is specific for overcoming oxygen deprivation, 133 while startle-related responses are associated with multiple stressors. We then asked if the 134 pectoral fin beat increase under hypoxia is modulated by the vagal sensory neurons. Ablating 135 neurons in the 2 nd , but not 3 rd vagal sensory ganglion reduced the pectoral fin beat-rate upon 136 hypoxia exposure ( Fig. 3h ). Together, these data confirm that the 2 nd vagal sensory neurons 137 drive hypoxia-induced respiratory change, providing a behavioural readout for the 138 population-, or embedding dimension-based neural code. 139
We then used small molecule agonists and antagonists to gain insights into the 140 neurotransmitter pathways relaying oxygen information from multiple NECs to vagal sensory 141 neurons. Previous studies have shown that adenosine triphosphate induces burst activity in 142 the petrosal sensory neurons and drives hypoxia-induced respiratory responses 7,24 . Zebrafish 143 larvae not only express purinergic receptors in their cranial sensory neurons but also respond 144 to ATP agonist with increased ventilation 14, 25 . We asked if purinergic signalling can activate 145 the vagal sensory neurons and drive respiration in larval zebrafish. Animals treated with a P2 146 purinoceptor agonist, α,β-methyleneadenosine showed an increase in pectoral fin beat rates 147 ( Fig. 4a, 4b ), suggesting that purinergic signalling modifies respiratory behaviour. We also 148 found that ablating the 2 nd , but not the 3 rd ganglion attenuated the agonist-induced ventilation 149 increase, suggesting the 2 nd vagal sensory ganglion is activated by purinergic signalling to 150 control respiration ( Fig. 4c ). Furthermore, treating animals with this P2 purinoceptor agonist 151 also increases the number of calcium events in the 2 nd vagal sensory neurons ( Fig. 4d) , 152
indicating that the agonist targets the NEC-vagal sensory neuronal synapses. Consistently, the 153 P2 purinoceptor antagonist, PyridoxaloPhosphate-6-Axophenyl-2',4'-DiSulfonic acid 154 (PPADS), delayed larval ventilation rate increases without affecting the startle-related 155 response upon hypoxia ( Fig. 4e , data not shown). We also tested if acetylcholine and 156 serotonin were involved in modifying larval respiration 11, 26 . While acetylcholine did not alter 157 any hypoxia-related responses (data not shown), serotonin treatment enhanced startle-related 158 responses without changing ventilation rate ( Fig. 4f, g) . Taken together, these data suggest 159 that NECs activate the vagal sensory neurons using purinergic signalling driving hypoxia-160 induced respiration. 161
Our studies show that vagal sensory neurons encode oxygen information and 162 modulate hypoxia-induced behaviours through specific circuits and signalling pathways. 163
Specifically, integrating signals from NECs using a 'many-to-one' connection, the vagal 164 sensory neurons encode oxygen levels as the changes in number of calcium events and/or 165 embedding dimension. We propose that the NEC-mediated purinergic signalling acting on 166 vagal sensory neurons is key to initiating hypoxia-induced respiration increases, similar to its 167 role in initiating nociception, pain or other mechanical sensations 27,28 . Given the similarity 168 between the zebrafish and mammalian hypoxia-evoked neural circuitry 10 , we predict that administering purinergic agonists will activate the oxygen sensing neurons and transiently 170 increase respiration rates in mammals. 171
More broadly, our observations also suggest that the larval vagal sensory neurons 172 encode oxygen levels by altering their activity or signal dimensionality, a nonlinear measure 173 quantifying the number of distinct inputs. Our analysis indicates that the embedding 174 dimension is a more sensitive measurement than calcium event numbers as it only requires 13 175 instead of 30 neurons to encode ambient oxygen. What are the real identities of these 176 embedding dimensions? In this case, we hypothesize that they correspond to distinct NEC 177 signals acting via a many sensors-to-one neuron circuit motif. The dimensionality increase 178 corresponds to the increased number of inputs received by an individual sensory neuron 179 during hypoxia, consistent with higher dendritic activity we observed under hypoxia. This 180 measure, however, is ambiguous, as noise in the system can greatly increase dimensionality. 181
The many-to-one topology is fairly ubiquitous in neural circuits and is described in the 182 mammalian oxygen sensing circuits (carotid body-glossopharyngeal afferents) and other 183 sensory systems including mechanosensory and the auditory circuits 29,30 making this coding 184 strategy widely applicable. Although we do not know whether nervous systems widely use a 185 dimensionality code in their sensory circuits, the informational content is undoubtedly 186 present and at least in the zebrafish larval oxygen-sensing circuit, it provides a more sensitive 187 coding strategy than the activity-based coding we analysed in parallel. 188
189
Methods 190
Calcium imaging and analysis 191
The imaging setup is described previously 31 . Briefly, single 5-6 days post fertilization (dpf) 192 elavl3:H2B-GCaMP6f 16 or elavl3:GCaMP6s 15 larva with the opercula removed 1 day prior 193 was paralyzed with a drop of 1mg/ml alpha-bungarotoxin and then embedded in the capillary 194 with 1% low-melting agarose. We used the light-sheet microscope system to excite a single 195 focal plane of the cranial ganglia or their processes in the gill arch and collected the resulting 196 emission at 90ms/frame. A peristaltic pump was used to exchange the media around the larva 197 inducing hypoxia (Fig. 1e ). Oxygen levels were measured in real time and datasets where 198 these measurements deviated more than 10% from the expected value were excluded. Custom 199 MATLAB scripts were used to analyse the calcium data. Neurons were identified using a 
Microfluidic device 216
The microfluidic device is assembled out of three parts of laser-cut acrylic (PMMA; parts 2-4 217 in Fig. 3a ) and a glass slide (part 1 in Fig. 3a ). After part 2 is bonded to the glass slide a 218 round opening in part 2 forms a 0.9 mm deep chamber where a Tricaine-anesthetized 219 zebrafish larva is trapped inside 2.5% low-melting agarose gel. To observe larval movements, 220 the agarose gel is removed from areas around the gills, pectoral fins and the tail using a thin and Noldus EthoVision XT10 software. Individual regions of interest were assigned to the 234 gill, pectoral fin, body and tail (Fig. 3b ) and the movements within the regions were detected 235 by Noldus software (heartbeat detector). The percentage of the pixels that change intensity in 236 individual regions was quantified to identify movements. Movement of the pectoral fin was 237 used to identify fin beats and the coordinated movements of the body parts were used to 238 identify startle-related movements. An example code with the parameters used in the analysis 239 was provided in the supplementary material. Hypoxia was induced by perfusing oxygen-240 deprived medium (E2 bubbled with nitrogen) into the microfluidic-chamber. The oxygen 241 range for mild hypoxia was 60-80 mmHg and 10-35 mmHg for strong hypoxia. Osmotic 
Figure 2 | Vagal sensory neurons increase their signal complexity upon hypoxia stimuli through a 'many NECs-to-one neuron'
circuit. a, Schematic illustrating that the input number to individual neurons are inferred by the embedding dimension derived from the neuronal calcium traces. b,c,d, Outline of the dimensionality calculation using lagged coordinate embedding. b, We embed individual time series of GCaMP6f fluorescent signal using lags of itself into manifolds (c) of varying dimensionality. d, The dimensionality that best predicts the withheld out of sample data (i.e. with highest observed/predicted rho) is probably closest to the correct dimension of the observed neuron within the bounds given by the Whitney embedding theorem. e, f, Embedding dimension difference between hypoxia and normoxia (normoxia subtracted from hypoxia) for neurons in the (e) 2nd (n ≥ 15) and (f) 3rd (n ≥ 6) vagal ganglion. g, A linear model built on randomly subsampled embedding dimensions from neurons in the 2nd vagal ganglion was used to estimate the number of neuron required to encode ambient oxygen. For comparison, dashed line showed the result from the same method with calcium event number as input (Fig. 1j ). Averages and s.e.m. are shown in e and f with marked * indicates p < 0.05, while ** is p < 0.01 using One sample t-test or Wilcoxon Signed Rank test (e and f). , Average number of fin beats in animals exposed to (a) 10 μm and (b) 30 μm P2 purinoceptor agonist (α,β-methyleneadenosine 5'-triphosphate trisodium salt) (n ≥ 13). c, Average fin beats in agonist-treated animals missing neurons in the 2nd or 3rd vagal sensory ganglia (n ≥ 8). d, 2nd vagal ganglionic neuronal calcium events in animals experiencing 100 μm of P2 purinoceptor agonist (n = 30). e, Average fin beat rate in animals treated with 100 μm of PPADS, a P2 purinoceptor antagonist (n ≥ 17). f, g, The changes in startle-related responses (f) and average number of pectoral fin beats (g) (n ≥ 6) in larvae exposed to 4 mM serotonin. Averages and s.e.m. are shown with * indicates p < 0.05, while ** is p < 0.01 and *** shows p < 0.001 obtained using two-way ANOVA with Sidak's multiple comparisons (a-c, e and g), Wilcoxon
Matched pairs signed rank test (d) and One sample t-test (f). 
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